We have used two piezoelectric nanomanipulators to manage the multiwalled carbon nanotubes ͑MWCNTs͒ within the field emission-scanning electron microscope ͑FE-SEM͒. For an easy access of a tungsten tip to MWCNTs, we prepared the tungsten tip in sharp and long tip geometry using different electrochemical etching parameters. In addition, the sample stage was tilted by 45°from the normal direction of the surface to allow a better incident angle to the approaching tungsten tip. For manipulations, a nanotube or the bundles were attached at the tungsten tip using an electron beam-induced deposition ͑EBID͒. Using two manipulators, we have then fabricated a CNT-based transistor, a cross-junction of MWCNTs, and a CNT-attached atomic force microscopy tip. After these fabrications, the field emission properties of the MWCNT and junction properties of the MWCNT and the tungsten tip have been investigated. We found that the EBID approach was very useful to weld the nanostructured materials on the tungsten tip by simply irradiating the electron beam, although this sometimes increased the contact resistance by depositing hydrocarbon materials.
I. INTRODUCTION
In last two decades, a revolutionary development of fabrication processes enabled us to downsize the materials to nanometers. As the material size decreases to near the dimension of electronic wavelength, the fundamental electrical, optical, magnetic, and mechanical properties, which used to be independent of the physical size, begin to show unique properties due to quantum confinement effect. [1] [2] [3] Therefore the characteristics of materials, whose size is comparable with or smaller than the Fermi wavelength, can be altered sensitively with the physical dimension.
Previous research on nanostructured materials have opened a possibility for various applications of such materials to medicine, memory device, display, and energy storage with enhanced performance. Nevertheless, the biggest obstacle in these areas is to incorporate the nanostructured materials into the desired forms of devices. This obstacle originates from the accessibility and manipulation capability of the nanostructured materials, since they are too tiny. 4, 5 Therefore the development of handling equipment with high precision and easy accessibility is very essential to bring the nanostructured materials to the practically applicable level.
Several approaches have been attempted previously. For instance, installation of small manipulators inside a transmission electron microscope ͑TEM͒ demonstrated that this approach was able to probe effectively the electronic and geometric structures of nanostructured materials with assistance of other characterization methods such as electron energy loss spectroscopy ͑EELS͒, selected area diffraction pattern ͑SADP͒, and energy dispersive x-ray spectroscopy ͑EDXS͒. [6] [7] [8] However, the sample preparation for the TEM is usually laborious and furthermore the sample should be resistant to the electron-beam irradiation. On the other hand, the scanning probe microscope ͑SPM͒ can be even more useful, since a single or a cluster of atoms can be handled. 9, 10 However, the concurrent image acquisition and manipulation are not possible in the manipulation mode. Another serious drawback of the SPM is an inefficient step of switching back and forth between topography and manipulation modes for every single manipulation. The target materials may also be jeopardized by an accidental tip crash, since they are unseen during the tip approach.
In our study, we used a field emission-scanning electron microscope ͑FE-SEM͒ equipped with two nanomanipulators. Two manipulators allow more degrees of freedom and more versatile operations than a single manipulator. We also made some simple devices by integrating the multiwalled carbon nanotubes ͑MWCNTs͒ in the predesigned electrodes. We further measured in situ the field emission properties and the current-voltage characteristics of the carbon nanotubes.
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II. EXPERIMENT

A. Experimental setup
Our system consisted of the FE-SEM and two nanomanipulators. The choice of the FE-SEM can be rationalized by two reasons; one is for a real-time monitoring of the movement of two manipulators with nanomaterials and another is for a long working depth of the FE-SEM, which is necessary for the installation of manipulators but is not easily accessible from the state-of-art optical microscopes. Our FE-SEM ͑JEOL, JSM-6700F͒ has a maximum resolution of 1 nm at the acceleration voltage of 15 keV. The maximum working depth is 12 mm long. Each manipulator, mounted on both sides of the chamber wall, extends the head to the center of the sample stage. Figure 1͑a͒ is the photographic image of the nanomanipulator set inside a protective metal housing, where the inset shows the nanomanipulator inside the metal housing. The configuration inside the FE-SEM is schematically shown in Fig. 1͑b͒ . The manipulator is headed down about 10°-20°with respect to the support in order to avoid the tip crash on the magnetic lens, when the manipulator approaches to the center of the sample stage.
The nanomanipulator ͑Klocke Nanotechnik͒ consists of five piezoelectric motors, which is shown in the inset of Fig.  1 . Four of them support the metal plate with a cylindrical hole at the center and the other is fixed in the hole. The central motor on the metal plate can move in x and y directions within 5ϫ5 mm 2 by expanding and contracting two piezomotors placed opposite to each other. Therefore the motion in x and y directions is neither orthogonal nor linear at large tilting angle. The central motor is involved only for the motion along the z direction. The central motor can move about 20 mm, 5 mm/s at full speed. The step size of the central motor can be adjusted between 1 and 200 nm using an interface program depending on the size of the scope area. But, we notice that objects can be moved with the least increment of about 10 nm due to the vibrations coming from the surroundings. The swift change in the effective action range from millimeters to nanometers results in a fast access time with a high accuracy. The wall thickness of each piezomotor is about 0.5 mm and the manipulator can take a load up to 50 g. 11 The compact manipulator leads itself to fit into the space between the magnetic lens and the sample stage.
The manipulation tip needs to be sharp enough to manage nanoparticles. We used polycrystalline tungsten wires for the tip, which were electrochemically etched in a KOH or NaOH aqueous solution. This technique is widely used for the scanning tunneling microscopy ͑STM͒. The parameters determining the tip geometry such as concentration, applied bias, immersion depth, and cut-off time are well described elsewhere. 12 The average curvature diameter at the apex of our tips is less than 100 nm. An electrochemically etched W tip is inserted into the tip holder at the end of the central motor. Figure 2͑a͒ shows W tips approaching electrodes on Si substrate.
Another important aspect of the tip regarding accessibility is the aspect ratio. Since the particles to manipulate are presumably very small, on a rough substrate, the access of the tip to the particles can be hindered by the surface corrugation. Therefore the long tip with a sharp apex is required to reach the bottom of a deep groove. However, the tip generally used in the STM is short and sharp to minimize the mechanical vibration, as shown in Fig. 2͑b͒ . Such a tip geometry might not be suitable for manipulation purposes. We therefore modified the etching parameters to improve the aspect ratio of the tip. The tip in Fig. 2͑c͒ shows a higher aspect ratio. The aspect ratio is increased by five times compared to the previous one. The etching conditions of such a tip geometry are described elsewhere. 13 Another way to overcome the problem in the tip access is to assign a better incident angle. Hence we cut the sample stage by 45°with respect to the vertical direction and also bend the tip, as shown in Fig. 2͑d͒ .
B. Manipulation and characterization
A fragment of the MWCNTs soot synthesized by arc discharge is attached to the sample stage to test our system. The synthesis parameters have been described elsewhere. 14 The average diameter of the MWCNTs ranges from about 30 to 50 nm. Once we found the protruded MWCNTs in the fragment, we carefully drove one manipulator to one of the protruded MWCNTs. After touching the W tip onto a tube, we irradiated the electron beam intensively on the contact area. It has been reported that such an intensive irradiation of an electron beam deposits hydrocarbons. 15 The biggest benefit of this electron-beam induced deposition ͑EBID͒ is an easy welding between the particles even in a nanometer scale.
We now demonstrate a fabrication of the carbonnanotube transistor using the EBID approach. We first spotwelded a bundle of the MWCNTs at the end of the W tip. The extension of the W tip using the CNT bundle increases the aspect ratio and physical flexibility of the tip. This will save our electrodes on a Si substrate from an accidental tip crash and facilitate the manipulation when we try to reach the bottom of the deep trenches. We also emphasize the role of the MWCNT acting as a nanoprobe, since the carbon nanotube is electrically conducting, chemically functional, and mechanically flexible. 16 -18 After adhering the bundle, we further adhered a strand of the MWCNT at the end of the bundle, which is supposed to be a part of the CNT transistor. This nanotube was brought to the substrate with four prepatterned electrodes placed in parallel within 1 m. We then displaced this nanotube on the electrodes and pressed it down using the CNT bundle attached to another manipulator by a similar method. Figure  3͑a͒ clearly illustrates a carbon nanotube transistor fabricated by such manipulations. We emphasize that our approach with two maneuverable manipulators can save labor times and reduce trial and error for cautious fabrications of the nanoelectromechanical system ͑NEMS͒ and could be applied to any type of interconnections between the nanostructured materials and macroworld characterization systems.
In addition to the operations shown above, we carried out various operations, as shown in Figs. 3͑b͒ and 3͑c͒ , such as the formation of the cross-junction of MWCNTs and the CNT-attached atomic force microscopy tip. We found one interesting phenomenon during manipulation; we observed an elongation of the MWCNT in Fig. 3͑d͒ , when a single strand of the MWCNT was pulled out between two W tips. The elongated nanotube glided from the inner tubes, like a sword-in-sheath. 19 The extended nanotube is kinked because of the nonorthogonal motion of our nanomanipulator. We propose that the inner tube was pulled out, as the outer tube was broken apart due to the tensile force, since only the outer tube was bound to the W tips by the hydrocarbon deposit. The gliding motion of the inner wall is known to be almost frictionless. 20 Another advantage of using two manipulators is that versatile in situ characterizations are possible through the feedthroughs connected to manipulators. For instance, we studied the field emission properties from a single MWCNT. To study the field emission characteristics, we spotwelded the nanotube by running a current of 1 A through the contact. After welding an individual MWCNT on the W tip, the nanotube was brought to the surface of the other manipulator, whose end was swollen in a spherical shape, as shown in Fig.  4͑a͒ . While maintaining a gap distance of 2 to 3 m between the nanotube and manipulator, we slowly increased the applied voltage. Figure 4͑b͒ presents an I -V curve obtained from the emitter. We obtained an emission current about 0.3 A at 80 V. Figure 4͑c͒ demonstrates our investigation on electromechanical properties of a single MWCNT. A tube was attached to bridge two manipulators using the EBID approach. We then measured the I -V curve as a function of curvature, where bringing the manipulators closer decreased the current. Figure 4͑d͒ shows a series of I -V curves as a function of the tube curvature. Obtaining in-depth understanding of the characteristic curves requires a systematic study in the future.
FIG. 2. ͑a͒ Electrochemically etched
W tip attached at the end of nanomanipulators, ͑b͒ W tip with a low aspect ratio, ͑c͒ W tip with a high aspect ratio, and ͑d͒ the approach of the W tip to the sample stage.
III. DISCUSSION
We found that the contact resistance between the tube and W tip was rather high due to the hydrocarbon deposits, whereas the previous studies claimed a moderate electrical conductivity. 21, 22 Here, we exclude the possibility of forming an oxide layer on the W tip, since the head-on contact of the W tip dropped the resistance down to only a few ohms. Therefore it is more likely that oxygen and hydrogen atoms of the deposit incur the high contact resistance by forming carboxylic and hydroxyl groups that result in poor electrical conductivity. We find that this is closely related to the vacuum condition of the chamber. This suggests that the composition of oxygen and hydrogen atoms in the deposit is crucial in determining the contact resistance. To increase the conductivity, transformation of hydrocarbons into amorphous and graphitic carbons through high temperature annealing FIG. 3 . ͑a͒ A CNT-based transistor, ͑b͒ a cross-junction of MWCNTs, ͑c͒ a CNT-attached atomic force microscopy tip, and ͑d͒ the elongation of a nanotube due to the fracture of the outer layer.
FIG. 4.
͑a͒ Field emission from a single MWCNT, ͑b͒ the emission curve measured from ͑a͒, ͑c͒ the intentional bending of the MWCNT by squeezing two manipulators, and ͑d͒ the I -V curve measured from ͑c͒ as decreasing the curvature diameter of the MWCNT from ͑a͒ to ͑c͒.
and energetic beam irradiation is necessary. 22 A new welding method to obtain low contact resistance is to be developed.
